Gouty arthritis is an inflammatory disease that is caused by an accumulation of monosodium urate (MSU) crystals in the joints. MSU is capable of activating the nucleotide-binding oligomerization domain-like receptor pyrin domain containing 3 (NLRP3) inflammasome, leading to interleukin-1b (IL-1b) secretion. Reactive oxygen species (ROS) are major mediators of the NLRP3/IL-1b interaction. Although nuclear factor E2-related factor 2 (Nrf2) is recognized as a transcription factor that is involved in the response to oxidative stress, the effect of MSU on Nrf2 and on Nrf2-mediated antioxidant enzymes remains unclear. The treatment of THP-1 monocytes using phorbol 12-myristate 13-acetate (PMA) was shown to initiate inflammatory responses. Here, we showed that THP-1 cells, following treatment with MSU crystals, significantly increased IL-1b release, NLRP3 inflammasome activation and ROS production. MSU also promoted the nuclear translocation of Nrf2 and activated lysosomal destabilization. Moreover, the levels of heme oxygenase-1 (HO-1) in gene and protein expressions were upregulated by MSU. MSU-induced IL-1b secretion and NLRP3 inflammasome activation were inhibited by the knockdown of Nrf2 and via the HO-1 inhibitor zinc (II) protoporphyrin IX (ZnPP). In addition, HO-1 inhibition increased the level of superoxide anion production and the consumption of glutathione. These findings suggest that Nrf2 and HO-1 mediate redox homeostasis and interact with pro-inflammatory factors in MSU-challenged THP-1 cells, thereby providing new insight into how MSU-induced gouty inflammation is mediated by specific mechanisms that are involved in the Nrf2/Ho-1 antioxidant signaling pathway.
INTRODUCTION
Gout is an inflammatory disease caused by the over-production of uric acid in the blood and the crystallization of monosodium urate (MSU) in articular and periarticular tissues. The inflammatory response to MSU includes the recruitment of massive numbers of mast cells, neutrophils, and monocytes/macrophages into the joints. 1 Recently, the inhibition of interleukin-1b (IL-1b) was implicated as a novel therapeutic strategy for gout because of mature IL-1b secretion in early gouty inflammation. 2 MSU crystals are capable of triggering the maturation of IL1b via the recruitment of a cytosolic complex, called the nucleotide-binding oligomerization domain-like receptor pyrin domain containing 3 (NLRP3) inflammasome. The NLRP3 inflammasome is a member of the NOD-like receptor (NLR) superfamily that control caspase-1 (an interleukin-converting enzyme) activity, an enzyme that cleaves IL-1b from its precursor molecule proIL-1b. 3 Redox signaling molecules, such as reactive oxygen species (ROS), that are generated by NLRP3 inflammasome activators, including MSU and other endogenous danger signals, have been shown to mediate NLRP3 inflammasome activation. [4] [5] [6] Robust ROS levels lead to the dissociation of thioredoxin and thioredoxin interaction protein (TXNIP; also called VDUP-1), and the released TXNIP can then activate and bind to the NLRP3 complex. 4 Moreover, TXNIP and the NLRP3 inflammasome, including its adaptor protein named apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), can be recruited by ROS and colocalized at damaged mitochondria. 4, 7 However, caspase-1 activation and IL-1b maturation are downregulated when ROS generation is inhibited via knockdown or with specific inhibitors of NADPH oxidase.
The balance of redox signaling is modulated by endogenous antioxidants and phase II enzymes, for example superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase, glutathione reductase (GRd), NAD(P)H:quinone oxidoreductase-1 (NQO1), c-glutamylcysteine synthetase (c-GCS) and heme oxygenase-1 (HO-1). The genes that encode these enzymes are linked to the antioxidant responsive element that is in turn regulated by the transcription factor known as nuclear factor E2-related factor 2 (Nrf2). 10 The binding of Nrf2 to kelch-like ECH-associated protein 1 (Keap-1), the repressor, in the cytoplasm requires oxidative stress to activate nuclear translocation of Nrf2. 10 ROS-mediated signaling pathways control NLRP3 inflammasome activation, but it remains unclear whether MSU crystals affect the redox homeostasisassociated transcription factor Nrf2. The aim of this study was to investigate the effects of MSU on Nrf2 translocation and Nrf2-mediated antioxidant enzymes in THP-1 cells.
MATERIALS AND METHODS
Materials MSU, 29,79-dichlorofluorescin diacetate (DCFH-DA), phorbol 12-myristate 13-acetate (PMA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, b-mercaptoethanol and dihydroethidium were purchased from Sigma (St Louis, MO, USA). RPMI-1640 medium and fetal bovine serum (FBS) were purchased from Gibco BRL (Grand Island, NY, USA). Zinc (II) protoporphyrin IX (ZnPP) was purchased from Merck (Darmstadt, Germany). Penicillin-streptomycin solution and sodium pyruvate solution were purchased from Hyclone (Logan, UT, USA). The Trizol RNA isolation kit was purchased from Life Technologies (Rockville, MD, USA). The primers for RT-PCR were obtained from Tri-I Biotech (Taichung, Taiwan), and antibodies against caspase-1, b-actin and lamin B1 were obtained from Cell Signaling Technology (Beverly, MA, USA). Antibodies against HO-1, Nrf2, and ASC were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). NLRP3 antibody was obtained from Abgent (San Diego, CA, USA). TXNIP antibody, acridine orange, and 5-chloromethylfluorescein diacetate (CMFDA) were obtained from Life Technologies (Carlsbad, CA, USA). Keap-1 antibody was obtained from Abcam (Cambridge, MA, USA). p62 antibody was purchased from Novus (Littleton, CO, USA).
Cell culture and treatments
The human THP-1 cell line was purchased from Bioresource Collection and Research Center (BCRC 60430, Food Industry Research and Development Institute, Hsin Chu, Taiwan) and grown in RPMI-1640 media supplemented with 10% (vol/vol) FBS, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (10 mM), sodium bicarbonate (1.5 g/l), sodium pyruvate (1 mM), streptomycin/penicillin (100 mg/ml and 100 U/ml, respectively) and 50 mM b-mercaptoethanol at 37 uC in a humidified atmosphere with 5% CO 2 . THP-1 cells were incubated with 100 nM PMA for 3 h; the cells were then treated with 25, 50 or 75 mg/ml MSU crystals for 6 h as described. 4, 7 RNA extraction and RT-PCR The cells were collected and washed three times with cold PBS, and cellular RNA was extracted using a Trizol isolation kit. The RNA concentration and purity were determined by measuring the absorbance at 260 and 280 nm. The cDNA corresponding to 500 ng of RNA was reverse transcribed by a RevertAid First Strand cDNA Synthesis Kit (Fermentas, Glen Burnie, MD, USA), and the PCR reaction was amplified using a PCR Master Dye Mix kit (Faith Biotechnology, Taichung, Taiwan) containing 1.25 U of Taq DNA polymerase, reaction buffer, MgCl 2 (final concentration 2 mM) and 200 mM dNTPs. PCR analyses were performed using a thermal cycler (Thermo Electron Corporation, Thermo Fisher Scientific Inc., Waltham, MA, USA) under the following conditions: an initial denaturation step for 2 min at 94 uC followed by 32-35 cycles of amplification and a 10 min final extension step at 72 uC. The primers used to amplify SOD, catalase, GPx, GRd, NQO1, c-GCS, HO-1, Nrf2 and 18S rRNA were as follows with the listed annealing temperatures: SOD, 52 uC, forward: AGCTATTTGGAATGTA-ATCAACTGG, reverse: TAAGCAACATCAAGAAATGCTACA; catalase, 51 uC, forward: GCAGATACCTGTGAACTGTC, reverse: GTAGAATGTCCGCACCTGAG; GPx, 53 uC, forward: TTATT-AACGATGTCCAACCCGTC, reverse: CCAGAGCTATGCCAA-CAAAATCT; GRd, 60 uC, forward: GAGCCGCCTGAATGCC-ATCTATCAA, reverse: AGGATCCCTGCCATCTCCACAG; NQO1, 52 uC, forward: CAGTTGGGATGGACTTGC, reverse: CCAGGCAGGATTCTTAATG; c-GCS, 59 uC, forward: AGA-GAAGGGGGAAAGGACAA, reverse: GTGAACCCAGGACA-GCCTAA; HO-1, 68 uC, forward: AAGATTGCCCAGAAAGC-CCTGGAC, reverse: AACTGTCGCCACCAGAAAGCTGAG; Nrf2, 59 uC, forward: GAGACGGCCATGACTGAT, reverse: GTGAGGGGATCGATGAGTAA; 18S rRNA, 59 uC, forward: TTGGAGGGCAAGTCTGGTG, reverse: CCGTCCCAAGATC-CAACTA.
Analysis of PCR products
The PCR products were separated on a 1.5% agarose gel containing 13 SYBR Safe DNA gel stain (Invitrogen, Carlsbad, CA, USA), and the gel was photographed under UV transillumination. For quantification, the photograph of the gel was scanned with the BioDoc-It system (UVP, Cambridge, UK). The relative mRNA expression levels were compared using the ratio of each amplified gene to the 18S rRNA signal from the same template.
Nrf2 siRNA transfection THP-1 cells (7.5310 4 /well) were transfected in Opti-MEM media (Invitrogen, Carlsbad, CA, USA) for 24 h with the following Nrf2 small inference RNA sequences: 59-GAGUAUGAGCUGGAAAAACtt-39 and 59-CCUUAUAUCUCGAAGUUUUtt-39 (30 nM final concentration). 11 The transfection assay was performed using the SureFECT transfection reagent according to the manufacturer's instructions (SABiosciences, Frederick, MD, USA).
Western blotting
Total proteins were extracted by adding RIPA lysis buffer (Millipore, Billerica, MA, USA) to the cell pellets and centrifuging at 13 000g for 10 min at 4 uC. The protein concentration was measured using the Bio-Rad dye reagent concentrate (Bio-Rad Laboratories, Hercules, CA, USA) with BSA as a standard. The protein lysates were boiled with 43 protein loading dye (200 mM Tris-HCl (pH 6.8), 8% SDS, 40% glycerol, 0.04% Coomassie blue R-250 and 10% 2-mercaptoethanol), and the samples were run on SDS-polyacrylamide gels. The proteins were transferred to a nitrocellulose membrane (Sartorius Stedim Biotech, Aubagne Cedex, France) and incubated with primary antibodies overnight at 4 uC. The membranes were then washed three times with Tris-buffered saline containing Tween-20 and incubated with horseradish peroxideconjugated secondary antibodies. The signals were analyzed using the ECL chemiluminescence detection system (Millipore). The relative intensity of each protein was quantified using Vision Works LS 6.3.3 (UVP) and compared to the b-actin or lamin B1 signals from the same sample.
Immunoprecipitation assay
Immunoprecipitation was performed according to the manufacturer's instructions for the Catch and Release Reversible Immunoprecipitation System (Millipore). Briefly, cells were lysed with lysis buffer containing the protease inhibitor cocktail II (Sigma-Aldrich, St Louis, MO, USA), and the cell lysates were incubated with an anti-TXNIP antibody (or an anti-p62 antibody) and the antibody capture affinity ligand for 30 min at room temperature. The immunoprecipitated proteins were washed twice with wash buffer and then eluted with denaturing elution buffer. The bound proteins were subjected to an immunoblotting assay.
Cytokine ELISA assay THP-1 cells were incubated with MSU for 6 h after PMA treatment, and the supernatant was analyzed for the presence of IL1b. The cytokine levels were measured using an ELISA kit (eBioscience, San Diego, CA, USA) according to the manufacturer's instructions.
Antioxidant enzyme activity assays SOD activity was measured with a SOD assay kit (Dojindo Molecular Technologies, Gaithersburg, MD, USA) according to the manufacturer's instructions. Briefly, SOD activity was measured at 450 nm (BMG Labtechnologies, Offenburg, Germany) after incubation with 200 ml of the working solution, 20 ml of the sample solution and 20 ml of the enzyme working solution for 20 min. One unit of SOD is defined as the amount of enzyme in 20 ml of sample solution that inhibits the reduction of WST-1 [2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium] with the superoxide anion by 50%. The GPx activity was measured according to a previously described method. 12 Briefly, 100 ml of sample and 800 mL of working solution containing 100 mM potassium phosphate buffer, pH 7.4, 1 mM EDTA, 1 mM NaN 3 , 0.1 mM NADPH, 1 U/ml glutathione reductase and 1 mM glutathione (GSH) were incubated at 37 uC for 5 min. The reaction was initiated with the addition of 100 ml of 2.5 mM H 2 O 2 , and NADPH consumption was measured at 340 nm for 3 min. Non-enzymatic NADPH consumption was measured using a potassium phosphate buffer that replaced the sample buffer. The change in the absorbance value was used to calculate the GPx activity, and GPx activity was expressed as nanomoles of NADPH consumption per minute per milligram of protein.
Catalase activity was determined by Abei's method. 13 The reaction was initiated with 50 ml of sample and 950 ml of reaction buffer containing 50 mM potassium phosphate buffer, pH 7.0, and 20 mM H 2 O 2 . Catalase activity was demonstrated by the change in the absorbance value over 2 minutes. Total glutathione levels containing reduced and oxidized glutathione (GSSG) were measured with a glutathione assay kit (Cayman Chemical Co., MI, USA). The total amounts of GSH and GSSG were calculated by measuring the absorbance at 412 nm.
Analysis of lysosomal stability
The lysosomal stability was quantified using the method of Huang et al.
14 with a slight modification. The cells were incubated in 6-cm dishes and then treated with PMA and MSU. The treated cells were stained with 10 mM acridine orange (AO) and incubated at 37 uC for 15 min in the dark. AO was detected in the FL-3 channel of a FACScan flow cytometer (BectonDickinson, San Jose, CA, USA) using excitation at 488 nm and emission at 650 nm. The percent distribution of AO was calculated using CellQuest software (Becton-Dickinson).
Detection of intracellular oxidative stress ROS generation was detected using the fluorescent probe DCFH-DA. The cells were incubated in 10 mM DCFH-DA for 30 min at 37 uC in the dark. Fluorescence intensity was assessed with a FLUOstar Galaxy fluorescence plate reader (BMG Labtechnologies) with an excitation wavelength at 485 nm and an emission wavelength at 530 nm. 4 For the analysis of the production of mitochondrial ROS and superoxide anion, the cells were stained with 2.5 mM of mitosox and 8 mM of dihydroethidium, respectively, for 20 min at 37 uC. The levels of mitochondrial ROS and superoxide anion were detected in the FL-2 channel of a FACScan flow cytometer, using 488-nm excitation and 585-nm emission. The cellular GSH levels were detected using CMFDA. After the cells were stained with 4 mM CMFDA, the GSH levels were analyzed in the FL-1 channel of a FACScan cytometer, using 488-nm excitation and 525-nm emission. The number of stained cells was calculated using CellQuest software.
Preparation of nuclear and cytosolic extracts
The cells were collected by trypsin/EDTA reagent and centrifuged at 13 000g for 5 min at 4 uC. The collected cells were prepared using a nuclear/cytosol fractionation kit (BioVision, Mountain View, CA, USA) and centrifuged at 13 000g for 5 min. The supernatant was collected as the cytosolic extract, and the pellet was mixed with nuclear extraction reagents and vortexed for 15 s. This mixture was then centrifuged at 13 000g for 10 min, and the supernatant was collected as the nuclear extract.
Statistical analysis
The results were collected from at least three independent experiments. The results are presented as the mean6s.d. The differences between groups were assessed by analysis of variance followed by a Duncan's post hoc test or Student's t-test, as appropriate. The significance level was P,0.05. All statistical analyses were performed with SPSS 12.0 software.
RESULTS
MSU stimulated IL-1b secretion and NLRP3 inflammasome activation after PMA treatment in THP-1 cells The discovery of NLRP3/IL-1b in vitro indicated that the secretion of IL-1b requires two signals. [3] [4] [5] [6] [7] The first signal results in the formation of the IL-1b precursor, and the second signal results in caspase-1 activation through the NLRP3 inflammasome. The primary and secondary signals use PMA and MSU as activators, respectively, in this study.
The secretion of IL-1b was significantly induced upon treatment with 100 nM PMA for 3 h (P,0.05) (Figure 1a ). IL-1b cleavage involved caspase-1, which was linked to the NLRP3 inflammasome. [3] [4] [5] [6] [7] The levels of proIL-1b and of the caspase-1 subunit (p20) were up-regulated upon incubation with PMA, but the expression levels of NLRP3 and procaspase-1 were not affected by PMA treatment (Figure 1b ). In addition, MSU at 50 and 75 mg/ml significantly increased IL-1b secretion compared with PMA treatment alone (P,0.05) (Figure 1c ). The levels of the caspase-1 subunit (p20) in the cell lysate and the culture media were analyzed by immunoblotting techniques, and the results demonstrated that p20 was elevated in response to MSU in a dose-dependent manner (Figure 1d ). The dissociation of TXNIP from thioredoxin results in its activation and binding to the NLRP3 inflammasome. 4 An anti-TXNIP antibody was used to precipitate the NLRP3 complex. As demonstrated by western bolt analysis, TXNIP-NLRP3 and TXNIP-ASC interact, and their expression levels were upregulated following treatment with 50 and 75 mg/ml MSU (Figure 1e ).
ROS and mitochondrial ROS (MtROS) have been proposed as regulatory factors of the NLRP3 inflammasome. [3] [4] [5] [6] [7] After treatment with 75 mg/ml MSU, the levels of ROS (Figure 1f ) and MtROS (Figure 1g and 1h show quantification results) were significantly (P,0.05) high in THP-1 cells. Either NADPH oxidase or cyclooxygenase-2 (COX-2) is believed to contribute to ROS production in response to NLRP3-mediated inflammation. 15, 16 The expression levels of p47phox, a subunit of NADPH oxidase and of COX-2 were analyzed by western blotting techniques. The levels of cytosolic p47phox and COX-2 proteins were increased in response to MSU in a dosedependent manner (Supplementary Figure 1) .
MSU caused the nuclear translocation of Nrf2 and promoted p62/Keap-1 association Cellular redox homeostasis is regulated by the transcription factor Nrf2. 10 The nuclear and cytosolic fractions of Nrf2 in THP-1 cells were extracted following MSU treatment, and the levels of Nrf2 and Keap-1 were estimated via immunoblotting. The levels of Nrf2 in the nuclear and cytosolic fractions were up-regulated upon treatment with PMA. MSU treatment increased the high level of nuclear Nrf2, but the levels of Nrf2 and Keap-1 in the cytosolic fraction were decreased (Figure 2a) . Komatsu et al. demonstrated that p62 activates Nrf2 translocation through its binding with Keap-1, thereby inactivating Keap-1, in autophagy-deficient cells. 17 Therefore, we investigated the p62/Keap-1 interaction using immunoprecipitation techniques with a p62 antibody, and the expression levels of p62, Keap-1, and Nrf2 were analyzed by immunoblotting. As shown in Figure 2b , levels of Keap-1 bound with p62 were elevated upon MSU treatment, but the interaction between Nrf2 and p62 was attenuated with MSU treatment. Because lysosomal activity is part of the autophagy process, we further analyzed lysosomal stability using AO.
14 The levels of AO were upregulated following PMA treatment. However, the results showed that levels of AO were significantly reduced upon treatment with 50 mg/ml and 75 mg/ml MSU, and AO staining was inhibited after MSU treatment for 1 h (Figure 2c-f) . These results indicated that MSU was able to trigger the nuclear translocation of Nrf2 and to activate lysosomal destabilization upon p62/Keap-1 binding.
Nrf2-mediated gene expression in MSU-challenged THP-1 cells
The expression of Nrf2-mediated genes was further investigated by RT-PCR amplification of SOD, catalase, GPx, GRd, NQO1, c-GCS and HO-1 (Figure 3a) . SOD (Figure 3b ) and HO-1 (Figure 3c ) gene expression levels were significantly (P,0.05) increased with 75 mg/ml of MSU for 6 h, but the gene expression levels of catalase, GPx, GRd, c-GCS and NQO-1 were not affected by MSU. In addition, HO-1 gene expression was significantly (P,0.05) upregulated upon treatment with 50 mg/ml and 75 mg/ml of MSU for 6 h (Figure 4) . Moreover, SOD activity was significantly (P,0.05) induced by MSU (Figure 5a ). Catalase activity was significantly reduced at the highest concentration of MSU (Figure 5b ), but the GPx activity ( Figure 5c ) and GSH/GSSG ratio (Figure 5d ) significantly decreased with all MSU concentrations. GRd activity was not significantly altered by MSU (Figure 5e ). The results indicated that the GPx antioxidant system, rather than catalase, was more sensitive to MSU-induced responses. HO-1 protein expression levels were elevated by PMA (Supplementary Figure 2) and MSU in a dose-dependent manner (Figure 5f ).
Nrf2 is required for the activation of the NLRP3 inflammasome by MSU MSU triggered both inflammation and Nrf2 activation in this model. We then used small inference RNA directed against Nrf2 (si-Nrf2) to determine the function of Nrf2 in MSU-induced inflammation. The Nrf2 gene was knocked down by si-Nrf2 within 24 h (Figure 6a ). MSU-induced IL-1b secretion was significantly decreased by si-Nrf2 treatment (P,0.05) compared with the si-control treatment (Figure 6b ). NLRP3 was immunoprecipitated using an anti-TXNIP antibody and detected via western blotting. As shown in Figure 6c , the MSU-induced NLRP3-TXNIP activity decreased from 1.6-fold to 1.0-fold following si-Nrf2 treatment, and the level of MSU-induced HO-1 was also suppressed with si-Nrf2 treatment, suggesting that HO-1 was mediated by Nrf2. Moreover, the MSU-induced expression of p47phox and COX-2 was inhibited upon si-Nrf2 treatment (Supplementary Figure 3) .
The MSU-induced inflammatory response was attenuated by HO-1 inhibition We sought to investigate the impact of HO-1 on MSU-induced inflammation using an HO-1 inhibitor, Zinc (II) protoporphyrin IX (ZnPP). THP-1 cells were treated with PMA for 3 h and then treated with 2.5 mM ZnPP and 75 mg/ml MSU for 6 h. IL-1b levels and NLRP3-dependent activity were significantly (P,0.05) inhibited upon treatment with ZnPP (Figure 7a and b) . However, superoxide anion production was significantly (p,0.05) elevated upon ZnPP treatment (Figure 7c and d for quantification results). Cellular GSH levels were significantly (P,0.05) reduced with ZnPP treatment (Figure 7e and 7f for quantification results).
DISCUSSION
Oxidative stress is crucial for NLRP3 inflammasome activation. 3, 4 Several sources of ROS have been demonstrated to be crucial factors to NLRP3-mediated IL-1b secretion. 7, 15, 16 The control of the status of oxidative stress is dependent on Nrf2 and the Nrf2-mediated antioxidant system. 10 In this study, we demonstrated that Nrf2 was necessary for MSU-dependent activation of the IL-1b/NLRP3 inflammasome ( Figure 6 ) and that MSU triggered Nrf2 activation, including the nuclear The anti-p62 antibody was used for the immunoprecipitation (IP) of p62, Nrf2, and Keap-1, and the binding results were assessed via immunoblotting (IB). The relative protein expression levels of Nrf2 and Keap-1 were compared using the fold difference of each protein compared to the indicated internal control from the same sample. The levels of lysosomal stability in the MSU treatment for 1 h (c) and in a dose-dependent manner (d) were assayed via staining with 10 mM acridine orange (AO) using flow cytometry. The fluorescent intensity of AO was shown in a time-dependent manner (e) and in a dose-dependent manner (f). The values are presented as the mean6s.d.; *P indicates a significant difference (P,0.05) from the PMA treatment. MFI, mean fluorescence intensity. translocation of Nrf2 (Figure 2a ) and the up-regulation of SOD and HO-1 expression levels ( Figures 3 and 4) . Recent reports provide some evidence regarding Nrf2-dependent activation of the NLRP3 inflammasome. Nrf2 is essential for cholesterol crystal-induced inflammasome activation, 18 but epigallocatechin-3-gallate prevents lupus nephritis development via the up-regulation of the Nrf2 antioxidant pathway, which inhibits NLRP3 inflammasome activation. 19 The role of Nrf2 has been demonstrated to affect the NLRP3 inflammasome differently in cholesterol-induced atherosclerosis and lupus nephritis. 18, 19 The role of Nrf2 in MSU-induced inflammation is similar to that observed with cholesterol. Upon knock-down of Nrf2, IL-1b and the inflammasome could not be activated by cholesterol and MSU. This information suggested that Nrf2 was required for IL-1b/NLRP3 activation.
In this study, we found that ROS generation, Nrf2 activation and NLRP3 inflammasome activation were triggered by MSU, and lysosomal disruption was implicated as the cause of these responses. Upon disruption of the lysosome by MSU, lysosomal cathepsin B that is released into the cytosol could bind to NLRP3 and activate the NLRP3 inflammasome. 20 Because lysosomes that are involved in autophagy could digest old protein and damaged organelles, 21, 22 high levels of the selective autophagy substrate p62 that failed to be digested by the lysosome would compete with Nrf2 for binding to Keap-1, leading to Nrf2 activation. 17 Furthermore, the accumulation of p62/ ubiquitin aggregates could generate ROS under a pathological condition that is associated with impaired lysosomes and autophagy. 22 Therefore, the MSU-induced pathological Nrf2 activation in a lysosomal disruption condition would trigger oxidative stress and inflammatory responses, such as NLRP3 inflammasome activation. This suggests that lysosomal disruption by MSU might be a major mediator of MSU-induced Nrf2 activation and NLRP3 inflammasome activation.
The SOD and HO-1 expression results provided more information regarding Nrf2 and the NLRP3 inflammasome. SOD and HO-1 are generally accepted as regulatory proteins involved in anti-oxidative stress activities. 23 When SOD was inhibited using a SOD inhibitor, IL-1b secretion was reduced (data not shown). A previous study demonstrated that the knock-down of SOD increased cellular oxidative stress but that IL-1b secretion was decreased in SOD-1-deficient macrophages. 24 However, the addition of SOD mimetics, such as TEMPO and tiron, could increase IL-1b secretion. 24 In addition to SOD, the inhibition of HO-1 using chemical inhibitors resulted in superoxide anion accumulation and highly reduced levels of GSH, but IL-1b secretion and NLRP3 inflammasome activation were inhibited upon HO-1 inhibition. These results illustrated that Nrf2-mediated SOD and HO-1 activities could control IL-1b secretion and that HO-1 could further mediate NLRP3 inflammasome activation. Therefore, HO-1 was implicated as a redox homeostasis factor as well as a pro-inflammatory factor in IL-1b/NLRP3 inflammasome activation. To clarify the role of oxidative stress upon HO-1 expression, the results showed that using a ROS inhibitor, such as diphenyleneiodonium chloride (DPI), can suppress HO-1 expression and decrease levels of IL-1b secretion and ROS production (Supplementary Figure 4) . These data suggested that oxidative stress could trigger HO-1 induction and that the induction of HO-1 regulated MSUinduced inflammation, suggesting that antioxidants were major mediators of MSU-induced inflammation.
Based on these findings, we propose that reductive stress is one of the regulatory mechanisms involving the NLRP3 inflammasome in MSU-induced inflammation, as it remains unclear whether IL-1b and the NLRP3 inflammasome are modulated by oxidative stress or oxidative stress-dependent antioxidants (enzymes or proteins). For example, IL-1b was inhibited by ROS inhibitors, 8, 9 but IL-1b was also suppressed via silencing of Nrf2, silencing of SOD or by using an HO-1 inhibitor (as shown in our study and in agreement with other reports). 18, 24 The concept of reductive stress, although far less studied, has been referred to in Rubartelli's report. 5 In brief, reductive stress proposes that the redox balance of THP-1 cells leans toward the antioxidant condition, with high levels of antioxidants that act as buffers, but allows the triggering of inflammation or of some damage concurrently. One of the mechanisms by which the reductive stress condition modulates inflammation may specifically involve the upregulation of caspase-1 by glutathionylation of the redox-sensitive cysteine residues Cys397 and Cys362. 24 In conclusion, the presence of Nrf2 is essential for MSU crystals to induce inflammation, and MSU crystals trigger lysosomal destabilization and promote nuclear translocation of Nrf2. Furthermore, SOD and HO-1 expression, as Nrf2-mediated Figure 7 The HO-1 inhibitor ZnPP reduced the MSU-induced inflammatory response. THP-1 cells were incubated with 100 nM PMA for 3 h and then treated with 2.5 mM ZnPP and 75 mg/ml MSU for 6 h. (a) IL-1b production was analyzed via ELISA. (b) The immunoprecipitation (IP) of TXNIP with NLRP3 was performed prior to immunoblotting (IB). (c) Superoxide anion production was determined using flow cytometry with 8 mM DHE; (d) the fluorescence intensity was quantified. (e) Cellular GSH levels were determined using a flow cytometer with 4 mM CMFDA; (f) the fluorescence intensity was quantified. The values are represented as the mean6s.d.; *P indicates a significant difference (P,0.05), and **P indicates a significant difference (P,0.01). The relative protein expression levels of NLRP3 were compared using the ratio of each protein to the indicated TXNIP signal from the same sample. DHE, dihydroethidium; MFI, mean fluorescence intensity; n.s., non-significant. genes, are upregulated by MSU. HO-1 is involved in the modulation of inflammation and the redox homeostasis within MSUchallenged THP-1 cells, as described in the present study. These findings provide new insight into the Nrf2/HO-1 antioxidant signaling pathway that is important for the regulation of MSUderived inflammation.
